Antibody coated nanoparticles have been used extensively in optical immunoassay for detecting various proteins. However, in most cases, the strategies for preparing antibody attached nanoparticles were based on physical adsorption, which is adverse to promote the detection limit and sensitivity of optical immunoassay. In this paper, antibody was covalently conjugated to gold nanospheres using a long chain alkanethiol: 16-mercaptohexadecanoic acid (16-MHDA). 16-MHDA modified gold nanoparticles were more stable and easier to conjugate antibody. Characterized results confirmed that antibody was covalently coated on the surface of gold nanoparticles. Owing to antigen-antibody interaction, the fabricated gold nanoparticles/antibody bioconjugates produced specific aggregation in the presence of antigen, which enhanced the resonance light scattering intensity. The enhanced intensity was highly sensitive to the concentration of antigen. The results suggested that such bioconjugates had great potential in detecting proteins using resonance light scattering with high sensitivity.
INTRODUCTION
With the coming of nanotechnology using in biological and pharmaceutical system, nanomaterials have played an important role in bioanalysis owing to their fascinating properties. [1] [2] [3] In the case of noble metal nanomaterials, gold nanoparticles attract great scientific and technological interest resulted from their excellent biocompatibility and nontoxicity. 4 5 They were used in the form of gold nanoparticles/biomolecule conjugations as nanoprobes with high specificity and selectivity. 6 7 Coupling to advanced spectroscopic methods, gold nanoparticles probes can detect low concentrations of analytes, even at 1 pg/mL level, 8 which is significant for early diagnostics and screening of disease treatments. 9 Between 1993 and 1995, Pasternack et al. 10 11 proposed an unorthodox elastic light-scattering: resonance light scattering (RLS). RLS occurs when the wavelength of the incident light is close to the absorption band of the molecular particles. 12 The spectral signal is enhanced to the level which can be detected by a common spectrofluorimeter. Recent studies have shown RLS to be a valuable technique for detecting DNA, [13] [14] [15] proteins, 16 17 amino acids, 18 19 * Author to whom correspondence should be addressed.
carbohydrates, 20 21 neurotransmitters, 22 and heavy metal cations, 23 24 with the advantages of selectivity, sensitivity and convenience. 25 Considering the surface plasmon resonances (SPR) absorption of gold nanoparticles, 26 there is a growing interest in the use of gold nanoparticles/biomolecule conjugations as the RLS probes for the analytical purpose. 27 Taking Jiang et al. 28 as examples, they developed a series of resonance light scattering spectral immunoassay for protein based on the catalytic effect of antibody attached Au NPs, such as microalbumin, 29 30 complement component 3, 31 and apolipoprotein AI and B. 32 In their experiments, gold nanoparticles were coupled to antibody by physical adsorption. This not-covalent procedure is easy to conduct and has the advantages of time saving and lessened complexity of ligand preparation. However, the interaction is not strong enough for tolerating the harsh experimental conditions, such as high salt concentration, washing and centrifuging steps. 33 When the shape, composition and instrumental conditions such as the exact arrangement and the type of light source and detector are fixed, the light scattering intensity of nanoparticles depends on the radius of the particles significantly, and larger nanoparticles would lead to stronger light scattering signals. 18 In the case of resonance 34 Thus, the performance of resonance light scattering immunoassay relies on the nanoparticles-antibody-antigen immune complex induced amplification of scattering signal. If the antibody/gold nanoparticles bioconjugations were unstable, some antibodies would dissociate from gold nanoparticles during the process of antigen-antibody reaction. Then the quantity and size of nanoparticles-antibody-antigen immune complexes would reduce. Then, the detection limit and sensitivity would decrease, particularly in detecting ultra low concentration of analyte. In addition, when referring antibody-gold nanoparticles conjugations everywhere, the interaction between antibody and gold nanoparticles was mostly non-covalent, which is not suitable for developing specific label and detection.
Recently, Yang et al. 35 had proposed an immunoassay for human holotransferrin detection using antibody covalently conjugated gold nanoparticles. Antibody was covalently coupled to gold nanoparticles with cysteamine. Additionally, thioglycolic acid, 36 37 3-mercaptopropionic acid, 38 and 11-mercaptoundecanoic acid 39 have been employed as linkages for coupling antibody and gold nanoparticles. Patel et al. 40 have found that 11-mercaptoundecanoic acid had a higher coverage than 3-mercaptopropionic acid when covalently immobilizing proteins on the surface of silver. These results indicated that alkanethiols with long carbon chains were more suitable as linkages. Furthermore, 16-mercaptohexadecanoic acid modified gold nanoparticles were more stable than that using 11-mercaptoundecanoic acid. 41 In addition, 16-MHDA were used to fabricate gold nanoprobes to detect C-reactive protein 42 and cholesterol 43 based on optical absorption spectra.
In the present research, antibody was designed to covalently attach to gold nanoparticles using 16-mercaptohexadecanoic acid. Then this antibody-gold nanoparticle conjugation was employed to study the enhanced RLS induced by antigen-antibody interaction. Antibody covalently tagged nanoparticles make the nanoprobes have high specific recognition to ultra low concentration of antigen. In view of those intrinsic advantages, the present work paved the road for the antibody covalently nanoparticles in detection ultra low concentration of analyte using RLS.
MATERIALS AND METHODS

Materials
All chemicals were obtained from commercial sources and used without further purification. Hydrogen tetrachloroaurate tetrahydrate (HAuCl 4 · 4H 2 O) was purchased from Shanghai Chemical Reagent Co., Ltd (China) and trisodium citrate (Na 3 C 6 H 5 O 7 came from Beijing Chemical Plant Co., Ltd (China). 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride (EDC) was obtained from Pierce. N-hydroxysuccinimide (NHS) was from J&K Chemical Co., Ltd (China). 16-mercaptohexadecanoic acid (16-MHDA) and human serum albumin (HAS) were obtained from Sigma-Aldrich. An AFP ELISA kit, containing a series of AFP standard solutions was purchased from Zhengzhou Biocell Biotechnology Co., Ltd (China). Mouse anti-AFP antibody was obtained from Wuhan Boster Bioengineering Co., Ltd (China). Sorbitan monolaurate (Tween-20) was purchased from Beijing Solarbio Science and Technology Co., Ltd (China). All other reagents were of analytical reagent grade and deionized water with an electric resistivity 18.2 M · cm was used throughout.
Instrumentations
The optical absorption spectra were recorded with a UV-3600 spectrophotometer (Shimadzu, Japan), while the RLS spectra were conducted on a FluoroMax-4 spectrofluorimeter (HORIBA Jobin Yvon, France) with right angle geometry using a 1 cm × 3 5 cm cuvette. The TEM images were measured with a JEM-200CX transmission electron microscope (JEOL, Japan) using an acceleration voltage of 120 kV. The samples for taking TEM imagines were prepared by evaporation of a drop of nanoparticles/bioconjugates solution on carbon films supported on standard copper grids. The exact pH value was obtained using a PB-10 pH meter (Sartorius, Germany). Deionized water was obtained from a M6 water purification system (OLST, China).
Preparation of Gold Nanoparticles
Gold nanoparticles were prepared by means of original procedure with a slight modification. 44 45 Briefly, 100 mL of deionized water and 1.0 mL of 1% trisodium citrate were brought to boil for 3 min, and then 1.0 mL of 0.67% HAuCl 4 solution was added to this boiling solution while stirring for 22 min. The solution was further stirred for another 15 min without heating source, and then left to cool to room temperature. The resulting colloidal gold solutions were characterized by their visible absorption spectra and checked by transmission electron microscope to determine the nanoparticle dimensions. The concentration of colloidal gold solutions was estimated according to the method in Ref. [46] . The estimated concentration of prepared gold nanoparticles was 7.52 nM.
Fabrication of Gold Nanoparticles/Antibody Bioconjugates
The steps followed in the fabrication of gold nanoparticles/antibody bioconjugates were performed as below and briefly described in Scheme 1. 
Self-Assembly with 16-MHDA
16-MHDA assembles on citrate stabilized gold nanoparticles according to the procedure described in Ref. [41] . In brief, 9.0 mL Tween-20 (1.82 mg/mL, papered in 10 mM pH 7.0 phosphate buffer) was added to 18.0 mL gold nanoparticles (7.52 nM) and the obtained solution was allowed to stand for at least 60 min. Then 9.0 mL 16-MHDA (0.5 mM, papered in ethanol) was added the mixture, followed by a gentle shake for 5 h. After shaking, centrifugation was carried out in 1.5 mL tubes using a 5810R centrifuge (Eppendorf, Germany) at a speed of 18000 × g rcf. Every tube contained 1.0 mL mixture. The centrifugation procedure was kept for 15 min and repeated three times. The supernatant containing excess Tween-20 and 16-MHDA of every tube was removed, while the sediment was resuspended in 0.5 mL phosphate buffer (10 mM, pH 7.0) using an KQ-300 VDE ultrasonicator (Kunshan, China). The concentration of 16-MHDA modified gold nanoparticles was 7.52 nM.
Activating Hydroxyl-Terminal Groups
The activation of hydroxyl-terminal groups was performed with the presence of EDC and NHS. 42 47 In detail, a mixture solution (100 L) of freshly prepared 200 mM EDC and 50 mM NHS was added to 16-MHDA modified gold nanoparticles solution (0.5 mL, 7.52 nM) and the mixture was allowed to incubate for 15 min. This step yielded gold nanoparticles with NHS ester groups on the surface. 48 49 The resulted mixture in every tube was centrifuged to remove unreacted EDC/NHS and dispersed in 0.5 mL phosphate buffer as described above.
Attachment with AFP Antibody
Mouse anti-AFP antibody was coupled to the gold nanoparticles via displacing the NHS group with the lysine residues of the antibody. 36 As such, 100 L solution of mouse anti-AFP antibody (2 g/mL) was added to the suspension of gold nanoparticles with NHS ester groups (0.5 mL, 7.52 nM) in every tube. The mixture was then incubated at 4 C for at least 3 h. After centrifugation at 18,000×g for 15 min and removal of the supernatant, the sediment in every tube was dispersed in 0.5 mL of 10 mM phosphate buffer (pH 7.4). The concentration of obtained gold nanoparticles/antibody bioconjugates was 7.52 nM.
Antibody Coated Gold Nanoparticles
Interacting with Antigen
Under the room temperature, 1.0 mL aliquots of a series of dilutions of AFP were pipetted to 0.5 mL as-prepared gold nanoparticles/antibody bioconjugates (for blank sample, 1.0 mL deionized water was added to 0.5 mL asprepared gold nanoparticles/antibody bioconjugates), then solution was diluted to 2.5 mL using deionized water. Afterward, the mixture was allowed to react for 10 min. Finally, the resonance light scattering intensity of the solutions was measured according to the methods described everywhere. 16 
RESULTS AND DISCUSSION
Evidences for the Successful Fabrication of Gold Nanoparticles/Antibody Bioconjugates
To figure out whether antibody was covalently attached to the surface of gold nanoparticles, optical absorption spectroscopy, RLS spectroscopy, and TEM were performed on obtained samples at the different fabrication stages. Figure 1 shows the optical absorption spectra and digital 48 49 In the followed steps, the COOH terminal of 16-MHDA was activated as NHS ester, which resulted in the SPR shifting to 589 nm and the brown color of the solution. The obvious red shifting and broadening of SPR peak suggest that the NHS-terminated gold nanoparticles aggregated. The aggregation of NHS-terminated gold nanoparticles was attributed to lose ionizable carboxyl groups during the activation using EDC/NHS. 49 50 Finally, antibody was covalently attached to the carboxyl groups of 16-MHDA and formed gold nanoparticles/antibody bioconjugates. The broad band of SPR peak and the purple color of gold nanoparticles/antibody solution suggest that antibody coupled gold nanoparticles had aggregated. However, the SPR peak shifting back from 589 to 574 nm and the solution color varying from brown to purple imply that some antibodies had coupled to 16-MHDA and improved the aggregated state of NHS-terminated gold nanoparticles. This was in agreement with previous reports on surface modification of gold nanoparticles using biotin. 48 49 The purple color and absorption spectrum suggest that antibody coupled gold nanoparticles had aggregated also, the reason is that not all gold nanoparticles had been modified with antibody. Some gold nanoparticles still exist as the NHS-terminated form. Figure 2 is the RLS spectra of gold nanoparticels at every modified step. The four curves show light scattering peaks at 396 nm, coming from the Rayleigh light scattering of the aqueous solution. 20 Furthermore, the sharp peaks around 470 nm were attributed to the strongest Fig. 2 . Resonance light scattering spectra of gold nanoparticles at each fabrication step.
emission of light source in the apparatus. 29 Gold nanoparticles before and after assembling 16-MHDA display resonance light scattering peaks in the range of 500-600 nm, corresponding to their SPR peaks near 530 nm. Assembly of 16-MHDA onto gold nanoparticles surface induced the increase of RLS intensity, indicating that alkanethiol layer had been modified on gold nanoparticles and thus led to the slight increase in nanoparticle size, and hence the enhancement of RLS intensity. The resonance light scattering peaks of the NHS-terminated and antibody coupled gold nanoparticles are not noticeable and shift to red because of their SPR peaks broadened significantly and have a red shift. However, the light intensity of NHSterminated gold nanoparticles increase obviously due to the aggregation of nanoparticles, while the slight decreased light scattering of antibody coupled gold nanoparticles demonstrate that the existed antibody increased the steric repulsion provided by charged group in the antibody. The enhanced steric repulsion prevented the aggregation to a certain extent. Thus, the light scattering of antibody coupled gold nanoparticles decreased slightly.
Moreover, different modified gold nanoparticles were further analyzed by TEM. Figure 3(a) shows the pure gold nanoparticles with average diameter of about 30 nm. After modified with 16-MHDA, the distribution of gold nanoparticles is uniform, as shown in Figure 3(b) . When the -COOH in the 16-MHDA was activated to form esters by NHS/EDC, the primary forces between gold nanopartles are van der Waals forces, thus causing obvious aggregation (Fig. 3(c) ). In the followed step, where antibody were covalently attached to carboxyl groups of 16-MHDA, gold nanopartilces redispersed and were surrounded by a white transparent ring (Fig. 3(d) , marked with white arrows), while the rings were absent in pure gold nanoparticles images ( Fig. 3(a) ). The white transparent ring represented the layer of antibody. The similar TEM images can be seen in recent published papers. 51 52 The TEM images indicated antibody were tagged onto the surface of gold nanoparticles, and further supported the results obtained from optical absorption and resonance light scattering spectra.
Resonance Light Scattering Features of the Interaction
The light scattering spectra of the gold nanoparticles coated with mouse anti-human AFP antibody without and with AFP at different concentrations are presented in Figure 4 . As seen, with increasing the concentrations of AFP, the RLS intensity was enhanced due to the formation of antigen-antibody-gold nanoparticles complex. It is well known that the RLS intensity can be enlarged by increased nanoparticles 20 and induced aggregations. 53 In the present system, the immunoreactions between AFP and antibody conjugated gold nanoparticles make the latter aggregate to form larger particles, resulting in enhancement of light scattering intensity. resulted from the aggregation of gold nanoparticles would be explained as reported in previous papers based on Einstein's fluctuation theory. 14 54 Interestingly, however, the light scattering spectra keep almost the same style as the concentration of the AFP increases. This suggests that the light scattering of sandwich gold nanoparticle aggregates formed in solution has no obvious wavelength selectivity. However, in this paper, the quantitative assessment of enhanced RLS intensity chooses the 396 nm as the measuring wavelength in order to obtain high sensitivity and wide dynamic range.
Effects of Time and Temperature on the Interaction
The effects of time and temperature on the increased responses of light scattering have been investigated. As shown in Figure 5 (a), the enhanced intensity reached a peak value after 20 min and was relatively stable in 60 min. For antigen-antibody interaction induced aggregation, a short time would lead to incomplete aggregation, while a relative long time would induce precipitation of larger aggregates with a clear supernatant. 55 The influence of temperature on the enhanced light scattering was shown in Figure 5 (b), one could see that the enhanced intensity maintains a high and stable status at 30 C. When the temperature was below or above 30 C, the activity of antibody and antigen would decrease, and then the recognition ability between antibody and antigen would also induce. Thus, the antigen-antibody interaction induced aggregation reached maximum at 30 C, as shown in Figure 5 
Potential for Detecting Antigen
In this work, we hired AFP as the targeted antigen to check the possibility of prepared gold nanoparticles/antibody bioconjugates used as nanoprobes of RLS for antigen detection. We plotted the enhanced light scattering versus the concentration of AFP, as shown in Figure 6 . The relationship between the enhanced intensity ( I and AFP concentrations (C, ng/mL) can be described using the following equation:
The correlation coefficients of both linear curves were 0.9953 and 0.9998, respectively. According to the first curve, the limit of detection (LOD) in the present method is 0.099 ng/mL, which was obtained by the equation LOD = 3 (SD/S), where SD is the standard deviation of the blank measurements (n = 11) and S is the slope of the calibration curve. As we can see, the slope of the first curve is larger than that of the second one. When the concentration of AFP is low, the amount of antibody coated gold nanoprobes is higher than AFP. That state leads to several antibody coated gold nanoprobes binding to one AFP molecule. At last, AFP and antibody coated gold nanoprobes form great complexes, which results in greatly enhanced RLS. However, when the concentration of AFP increases, the banding ratio of antibody coated gold nanoprobes to AFP decreases, which leads to small complexes. Thus, the slope of the curves decreases with the concentration of AFP increasing. This indicates that RLS technique employing antibody covalently attached noble metal nanoparticles has great prospects in the early detection of cancer.
CONCLUSIONS
In present study, we fabricated antibody covalently gold nanoparticles using 16-MHDA as the linker. The characterized results indicated that antibody was attached to gold nanoparticles by covalent bond. The obtained bioconjugates interacted with antigens and aggregated, leading to enhanced light scattering. The enhanced light scattering intensity increased as the concentration of antigen increasing. These results indicated that antibody covalently tagged nanoparticles provided the basis for the ultrasensitive RLS detection of AFP with a low detection limit, lower than the traditional ELISA (1 ng/mL). Furthermore, this method can be easily extended to detecting different target proteins upon preparing gold nanoparticles functionalized with the corresponding recognition elements. 
